INTRODUCTION
Social structure and organization, which include the patterning of relationships and the system of interactions between individuals, may affect foraging, reproductive opportunities, antipredatory benefits, vulnerability to disease, and information transfer (e.g., Gompper 1996; Hass and Valenzuela 2002; Sapolsky 2005; Silk 2007; Wittemyer et al. 2007; Voelkl and Noë 2010; Langwig et al. 2012; VanderWaal et al. 2014) , making them important in the study of animal species. Social organization is thought to evolve in response to resource-risk distributions, with female social communities or groups being formed primarily in response to predation, limited food resources (such that being part of a group helps with access to food through between-group competition), and/or infanticide avoidance (Jarman 1974; Clutton-Brock and Harvey 1977; Wrangham 1980; van Schaik 1989; Chapman et al. 1995; Sterck et al. 1997; Isbell and Young 2002) . Depending on the spatial distribution, quantity, and quality of resources, competition regimes vary (see Nicholson 1954) , resulting in social structures with different extents of inter-and intragroup competition and group sizes (see Jarman 1974; Wrangham 1980; Terborgh and Janson 1986; Dunbar 1988; van Schaik 1989; Isbell 1991; Wrangham et al. 1993; Janson and Goldsmith 1995; Sterck et al. 1997; Isbell and Young 2002; Wittiger and Boesch 2013) . While there are various advantages of group living, within-group feeding competition is thought to be the primary cost of group living, with an increase in group size necessitating an increase in the group's daily travel in order to meet food requirements (Jarman 1974; Terborgh and Janson 1986; Wrangham et al. 1993; Janson and Goldsmith 1995) .
A modal type of mammalian social organization in which withingroup feeding competition can be dealt with dynamically is the fission-fusion society (more recently recognized as a continuum of different extents of fission-fusion dynamics, see Aureli et al. 2008) , in which groups fuse together or split away in response to spatiotemporally varying resources (e.g., Kummer 1971; Dunbar 1988; Symington 1988; Chapman et al. 1995; Rubenstein and Hack 2004; Wittemyer et al. 2005; Smith et al. 2008 ). In such societies, there is a distinction between the most inclusive, socially-meaningful community and a group, the latter being a set of individuals from the community that are sighted together in the field. Therefore, group size may often be smaller than community size (unlike in social species that do not show fission-fusion dynamics, in which groups and the most inclusive social communities are the same). Distinct types of fission-fusion societies have been identified in the past: multilevel societies that were either strictly hierarchically nested (e.g., hamadryas) or flexibly nested (e.g., gelada baboons), and the classical or individual-based fission-fusion society (e.g., chimpanzees and spider monkeys) (Grüter and Zinner 2004, explained in Figure 1 ). Here, by analyzing social structure in female elephants, we show how group size may bridge these modal fission-fusion societies.
Female elephants show high fission-fusion dynamics (see Aureli et al. 2008) , and previous studies showed a multitiered (hierarchically-nested multileveled) social structure in African savannah elephants (Douglas-Hamilton 1972; Moss and Poole 1983; Wittemyer et al. 2005 ) and non-nested, multileveled social structure (corresponding to an individual-based fission-fusion society in the Grüter and Zinner 2004 classification) in an Asian elephant (Elephas maximus) population (de Silva and Wittemyer 2012) . The average group size was smaller in the Asian elephant population compared to the African savannah elephant population (de Silva and Wittemyer 2012) . The differences between these social structures may have arisen from group size limitation (see Figure 1 ) in the Asian elephant, preventing hierarchical structure from being apparent, but this had not been examined previously, possibly as only one detailed study of Asian elephant social structure (de Silva et al. 2011) was available. Here, we examined the role of group size in affecting social structure by collecting the first large-scale quantitative data on Asian elephant social structure from India, from the Nagarahole-Bandipur (Kabini) population, and by comparing this with data primarily from the Uda Walawe Asian elephant population in Sri Lanka and the Samburu African savannah elephant population, for both of which detailed published data on female social structure were available (Wittemyer et al. 2005; de Silva et al. 2011; de Silva and Wittemyer 2012) . More limited comparisons were made with the Amboseli savannah elephant population (Moss and Poole 1983; Archie et al. 2006; Archie and Chiyo 2012) and the Lopé African forest elephant population, which also shows small group sizes (Schuttler et al. 2014 ) like the Asian elephant.
Asian and African savannah elephants form matriarchal societies, with females and their dependent offspring living together in groups, and adolescent males dispersing from the groups and being largely solitary thereafter (Douglas-Hamilton 1972; McKay 1973; Moss and Poole 1983; Sukumar 1989; Vidya and Sukumar 2005) . However, based on previous studies, there seemed to be differences in social structure within and between elephant species, possibly stemming from different sampling methods and ecology. Motheroffspring units and "family groups" that referred to one to a few closely related mother-offspring units (Buss and Smith 1966) were at the base of the hierarchical female organization of African savannah elephants. In Amboseli, family groups identified at the beginning of the study were later called core groups, and associations of family or core groups were termed bond groups (Moss 
Figure 1
Illustration of modal fission-fusion societies (based on Grüter and Zinner 2004) showing temporal changes in group compositions. (A) Individual-based society: individual females may associate with any other female in the same most inclusive social unit. Group sizes are often small. (B) Flexible nested multilevel society: individuals from a lower-level social unit (the family group here) may associate together with some or all of the other family groups in the same higher level (here, the most inclusive) social unit. However, family group composition does not change over time. (C) Strict nested multilevel society: family group composition does not change across time and, when family groups associate together, they associate with all the family groups of their higher level (here, the most inclusive) social grouping, unlike in the previous case. Only 2 levels of grouping have been shown here, but there could be more levels.
and Poole 1983; Archie et al. 2006) . Family groups that shared dry-season home ranges were called clans (Moss and Poole 1983) . Social tiers in Samburu were identified statistically through cluster analysis and included second-tier units (family groups), third-tier units (kinship groups of Douglas-Hamilton (1972) or bond groups of Moss and Poole (1983) ), and fourth-tier units (Wittemyer et al. 2005) . Groups themselves were variously identified in the field, with individuals of core groups having to be within 100 m of one another in order to qualify as being associated in Amboseli (Archie et al. 2006) , and individuals within a 500-m radius of an aggregation centre being classified as a group in Samburu (Wittemyer et al. 2005) . Since Samburu and Amboseli are similar in elephant density and ecology (Wittemyer et al. 2009 ) and show similar social tiers (Table 1) , and since the Samburu female association network is resilient to elevated levels of poaching (Goldenberg et al. 2016) , any differences between the female social networks of the 2 populations are likely to stem from differences in sampling methods. African forest elephants, on the other hand, are largely found in small nuclear families, although they also have more extended associations (Fishlock and Lee 2013; Turkalo et al. 2013; Schuttler et al. 2014) .
While studies on female Asian elephant social organization had suggested a society with fission-fusion dynamics, inferred from female social groups of varying sizes (McKay 1973; Sukumar 1989 ), the precise nature of social organization was ambiguous, with studies from Sri Lanka largely not describing multitiered societies but those from southern India implying them. McKay (1973) , in southeastern Sri Lanka, described the most inclusive female social group as a "herd" (of 15-40 individuals), which could contain subunits that showed fusion and fission, but which did not associate with other "herds" that shared their home range. Fernando and Lande (2000) referred to smaller group sizes they found subsequently (see Table 1 ) as "family groups," but these groups too did not associate with others that shared their home range. Sukumar (1989) suggested the existence of a multitiered society in southern India, with "family groups" (single adult female and her dependent offspring), "joint-family groups" (2 or more adult females and their offspring), "bond groups," and "clans" (50-200 individuals; Sukumar 1989) . Baskaran et al. (1995) , in southern India, referred to social associations of females that showed coordinated movement and were presumably related as a "clan" (of up to 65 individuals), but did not demarcate social tiers within clans. The first large, quantitative study of Asian elephant social organization, carried out in Uda Walawe, Sri Lanka, found female social organization with longterm associates, and larger social units than typically seen associating at any time in the field (de Silva et al. 2011) , which was also the case with some of the previous, less quantitative studies (and indeed expected in fission-fusion societies in general). However, unlike the previous studies, the larger social units ("herds" or "family groups" or "clans" as the term might be) were connected to one another in a social network at the level of the entire population (de Silva et al. 2011) . In a comparative analysis, female groups in Uda Walawe were smaller, showed weaker associations, and were less connected at the population level than those in the Samburu African savannah elephant population (de Silva and Wittemyer 2012) . Although some of the initial confusion relating to female Asian elephant social organization seems to have stemmed from an attempt to equate social levels in the Asian elephant with those described in the better-studied African savannah elephant, there was also the possibility of female Asian elephant social organization being Clan sizes in Kabini are based on 16 clans seen at least 40 times each. The other data come from Fernando and Lande (2000) for Ruhuna National Park (Sri Lanka), de Silva et al. (2011) for Uda Walawe (Sri Lanka; the values were calculated using Louvain community detection from data kindly provided by Shermin de Silva), Moss and Poole (1983) , Lee (1991) , and for Amboseli (Kenya), and Wittemyer et al. (2005) and Goldenberg et al. (2016) for Samburu (Kenya) (except for the cell marked ‡ , whose values were calculated using Louvain community detection from data in de Silva and Wittemyer 2012, kindly provided by the authors).
• The dot symbol has been used just so that that cell (last row, first column of values) can be referred to in the last row, third column (of values (Fernando and Lande 2000; Vidya and Sukumar 2005; de Silva et al. 2011; de Silva and Wittemyer 2012) . Our objectives were, therefore, the following: 1) to obtain quantitative data on female Asian elephant social structure from a population in southern India, which has not been as historically disturbed as elephant populations in Sri Lanka, 2) to examine whether the patterns of difference in female social structure between Asian and African savannah elephants hold with the addition of data from a second Asian elephant population, 3) to examine whether and how differences in group size might bridge the observed differences in social structure, which could correspond to different modal fissionfusion societies, and 4) to examine differences in female elephant social structure between Sri Lankan and southern Indian populations, which may have arisen from historical disturbance and/or sampling differences. We hypothesized that there would be lower levels of connectedness in the Uda Walawe population compared to the Kabini population in southern India because of extensive historical disturbance in the former. However, on the whole, we predicted greater similarity between Kabini and Uda Walawe, with smaller group sizes and lower network connectivity in the Asian elephant populations than in the African savannah elephant because of ecological differences. Group size is thought to be optimized as a balance between its advantages (such as lowered predation risk) and costs (such as feeding competition) (van Schaik and van Hooff 1983) , and social organization of the population would have to be compatible with group size (Terborgh and Janson 1986) . The structure of individual-based fission-fusion societies allows for it to be more compatible with smaller group sizes than hierarchicallynested societies may be (see Figure 1 ). Since the Asian and African savannah elephants are phylogenetically related and occupy similar niches, but previously recorded average group sizes of elephants on the African savannah were larger than those of elephants inhabiting forests (de Silva and Wittemyer 2012), we hypothesized that some differences in network statistics and social structure might be explained by differences in group size.
METHODS

Field data collection
We carried out the field study in Nagarahole National Park and Tiger Reserve (Nagarahole; 11.85304°-12.26089° N, 76.00075°-76.27996° E, 644 km 2 ) and the adjacent Bandipur National Park and Tiger Reserve (Bandipur; 11.59234°-11.94884° N, 76.20850°-76 .86904° E, 872 km 2 ), in the Nilgiris-Eastern Ghats landscape in Karnataka, southern India (Supplementary Figure S1) . The greater landscape holds the single largest population of over 8500 (Rangarajan et al. 2010 ) Asian elephants in the world, of which about 2600 (Baskaran and Sukumar 2011) elephants probably use Nagarahole and Bandipur. The area sampled was centered around the Kabini reservoir and extended into the forests of Bandipur and Nagarahole, and we refer to the population as the Kabini population (see Vidya et al. 2014) .
We collected field data from March 2009 to July 2014, on a total of 878 field days. Sampling during 2010 was limited because of field permit issues. We drove along preselected routes from ~6:30 AM to 6:00-6:45 PM (depending on daylight hours and field permits) and identified female elephant "groups" as aggregations of female elephants, usually along with their young, that showed coordinated movement (especially towards or away from a water source or salt lick), coordinated behaviors (such as bunching and facing the same direction when perceiving a threat from other elephants or heterospecifics), or affiliative behavior, and were usually within 50-100 m of one another. Members of a group were said to be associating with one another. Traditionally, up to a 100-m (Fernando and Lande 2000) or 150-m (McKay 1973) distance cutoff has been used (sometimes, along with other characteristics) to delineate Asian elephant groups, while a 500-m cutoff, similar to the one in Samburu, had been used in Uda Walawe (de Silva et al. 2011 ). During our original data collection, we did not use a 500-m distance cutoff because it was clear from the uncoordinated, and sometimes aggressive, interactions between different aggregations of elephants within 500 m of one another that they did not belong to a single social group. Sighting details of elephant groups, including group size, time of sighting, and GPS location were recorded. We photographed and identified individuals based on multiple natural physical characteristics, and aged them based on body size, skull size, and body characteristics, using the Forest Department's semicaptive elephants of known ages in the area as a reference (see Vidya et al. 2014) . Although individuals older than 15 years have previously been referred to as adults (Sukumar 1989; Vidya et al. 2014 ), since we found that females were often sexually mature at 10 years of age (as in other elephant populations, see de Silva et al. 2013) , we analyzed associations for females that were 10 years old or older (referred to simply as females in this paper).
Social structure in the Kabini population
Data analysis was carried out using only sightings in which all the females could be identified. We considered sightings of the same group to be independent if they were observed again after 2.5 h because this interval yielded roughly similar probabilities of groups either changing in composition or not (Supplementary Figure S2) . Changes in group composition within this time period were not recorded as separate sightings. The final dataset used to examine female associations comprised 3893 independent sightings of female groups (all the females seen could be identified in 87% of all female group sightings during the study period). These 3893 sightings comprised 9551 individual female sightings, including repeat sightings of the same individuals. The number of uniquely identified females from this dataset was 330.
We calculated an Association Index (AI) between pairs of females as the ratio of the number of times 2 females A and B were seen together (N AB ) to the number of times either A or B was observed (N-D, where N is the total number of sightings and D the number of times neither A nor B was seen) (Ginsberg and Young 1992) . We constructed social networks based on AI between females and visualized the networks using Gephi 0.8.2 (Bastian et al. 2009 ). The following individual-level network statistics were calculated: degree (the number of associates of a female, calculated as the number of connections or edges arising from a female or node), clustering coefficient (the probability that 2 randomly chosen associates of a focal female are themselves associates of each other, calculated as the proportion of all possible edges between the immediate neighbors of a focal node that actually exist), path length (the number of intermediary connections, or edges, on the shortest path between 2 females, or nodes), and distance-weighted reach (a measure of a female's reach in the association network, calculated as the sum of the reciprocal of path lengths from a focal node to other nodes). These statistics were calculated for individual females (nodes) and averaged across them. The network-level statistics, density (which measures connectedness across the entire network, calculated as the proportion of all possible connections in the network that actually exist), and modularity (see next paragraph) (Wasserman and Faust 1994; Borgatti 2006; Latapy 2008) were also calculated. In order to find out whether the female social network in Kabini was different from a random network, we compared the degree distribution of the observed network against Poisson expectation that would arise from an Erdös-Rényi random network (Erdös and Rényi 1960) . We also tested for preferred associations by randomly permuting the association data following Whitehead (2008; Supplementary Table S3) . Unless otherwise mentioned, data manipulation and analyses were carried out using MATLAB 7 (The MathWorks, Inc., 2004).
Hierarchical community structure within networks was identified using the Louvain method (Blondel et al. 2008 ). This method initially considers each node (individual) as a separate community, and iteratively (over several "passes") uses lower level communities as the units (nodes) to find higher level communities. Modularity, measured as the fraction of associations within communities minus that between communities (a modularity of one would indicate that all the associations are within communities and no associations exist between communities), is used to assess the partitioning of the network into communities. Nodes are grouped into communities, changes in modularity upon rearrangements of nodes are evaluated, and rearrangements are stopped when a local maxima of modularity is obtained. The communities detected after this first pass or round of community detection are used as nodes for the second pass. The algorithm is repeated iteratively (over several passes, see Supplementary Information 4) until the global maxima of modularity is obtained, resulting in hierarchical partitions of communities within communities (Blondel et al. 2008) . However, since a specific grouping of nodes into communities is accepted only when it results in an increase in modularity compared to the modularity value obtained from the previous arrangement of nodes, a hierarchical structure is not forced, and it is possible to uncover a single social level (with communities not changing in composition across passes). Depending on the number of passes during which the network can be partitioned into communities resulting in changes in modularity, more than one level of social structure may be detected (see Supplementary Information 4). The Louvain method was implemented by calling the C++ codes made available by the authors (https://sites.google.com/site/findcommunities/) from MATLAB.
Comparison of social structure across populations
In order to compare our data with the Uda Walawe and Samburu populations, in which a 500-m distance cutoff had been used to identify associations, we created an additional dataset, the Kabini 500-m dataset, in which we grouped together females that were within 500 m of one another, based on GPS data. In this new dataset, we merged together sightings that shared a common female during the day into a single sighting, after the manner of de Silva et al. (2011) . Further, only females sighted at least 20 times were retained in the dataset (n = 109 females) as had been done in the Uda Walawe and Samburu datasets. Network statistics were calculated for the Kabini 500-m dataset and were compared with available statistics from previously studied populations (Uda Walawe, Samburu). Since only the mean and SD of these statistics were generally available from other populations, but the distributions were likely to be skewed and/or have different variances, we compared statistics across populations using Welch's 2-sample tests (Welch 1938) . It has been shown through simulations that the Welch's test performs well under several scenarios involving the comparison of skewed distributions with unequal variances and sample sizes (Fagerland and Sandvik 2009) . As a further precaution, we used this test to compare statistics between the Uda Walawe and Samburu populations that had earlier been analyzed using randomization tests (de Silva and Wittemyer 2012) , and found the same results in all 8 tests performed. While network statistics were not available for Amboseli, we compared the original Kabini (not based on 500-m distance cutoff) social network visually with the Amboseli network (in which associations had been recorded somewhat similarly, see Archie et al. 2006 ) and the Lopé African forest elephant network (Schuttler et al. 2014) .
We carried out the Louvain hierarchical community detection on the Kabini 500-m dataset, and on data from Uda Walawe and Samburu (data from de Silva and Wittemyer 2012 kindly provided by the authors) for comparison of hierarchical network structure across populations. We also constructed network structure curves (see de Silva et al. 2011 ) for the Kabini 500-m dataset for comparison with the Uda Walawe and Samburu results (de Silva and Wittemyer 2012) . Here, edges in the association network with AI values below a threshold value (which varied from 0 to 1, in intervals of 0.01 units) were removed. The resulting networks, corresponding to different values of AI threshold, were partitioned into communities using the Louvain method. The numbers of final-pass communities obtained from these networks were plotted against the corresponding AI threshold values. The network structure curve provides information on the cohesiveness of the social network at different association strengths. Significant changes in the slope of the network structure curve were detected by comparing the values of number of communities to the left and right of each point within a moving window of 0.3 using the Wilcoxon rank sum test (see de Silva et al. 2011) .
Hierarchical cluster analysis was also carried out on the Kabini 500-m dataset in order to compare this with the Uda Walawe and Samburu results (de Silva and Wittemyer 2012) . Although hierarchical cluster analysis based on AI may not be useful for detecting hierarchical structure if social units at each tier of social structure show variability in AIs (also see de Silva and Wittemyer 2012), we used this method simply to compare the shapes of cumulative bifurcation curves across populations. A convex cumulative bifurcation curve indicates a high number of associations at smaller linkage distances (high AI) and relatively few associations at higher linkage distances (low AI). A concave-up cumulative bifurcation curve indicates a smaller number of associations at small linkage distances (high AI) than at large linkage distances (low AI). We constructed dendrograms based on cluster analysis of individuals (based on strength of association) and used the plot of the cumulative number of bifurcations in the dendrogram at different linkage distances to identify knots (see Wittemyer et al. 2005) . The average-linkage (UPGMA) method was chosen for clustering because it yielded the maximum cophenetic correlation coefficient value = 0.976.
Effect of group size on social structure
We examined the effect of group size on AI and network statistics, to find out whether differences across populations in these statistics could simply be a result of differences in group size. We did this by creating random datasets, each with 100 individuals (similar to the number in the 3 populations compared) in 1500 sightings, distributed in group sizes following beta distributions with parameters that resulted in group size distributions that mimicked known elephant group size distributions (α = 1, β = 7, maximum group size = 19 for Uda Walawe, α = 2, β = 9, maximum group size = 26 for Samburu, and α = 1, β = 9.5, maximum group size = 27 for the Kabini 500-m dataset; Kabini group size distribution from this study, Uda Walawe and Samburu group size distributions from de Silva and Wittemyer 2012). The maximum group size was altered to change average group size. We calculated the average, SD, and kurtosis of AI, and network statistics including average degree, average clustering coefficient, and average path length for the random datasets. One hundred random datasets were created for each beta distribution type with each maximum group size. Average group size and the AI or network statistics were averaged across these 100 replicates. We then plotted the statistic under consideration against average group size based on the random dataset, for each of the 3 beta distributions of group sizes, to visualize how the statistic changed with increasing average group size. For each observed statistic (calculated from field populations with an observed average group size), we calculated an expected random value of the statistic by interpolating the appropriate random curve (with matching beta distribution). Interpolation was done using cubic spline in CurveExpert version 1.37 (Hyams 2001) . Using the 95% CI of the observed estimates, we calculated an interval with [expected − lower 95% CI of observed]/expected and [expected − higher 95% CI of observed]/expected values for each population. If these intervals overlapped across populations, it indicated that the populations differed from the random lines to the same extent and, therefore, differences in the statistic between the populations could be explained by differences in observed average group size. If the intervals of [E-O]/E did not overlap, it indicated that differences in the statistic between populations were significant beyond the effect of average group size. This was a conservative test because it was possible that the intervals of [E-O]/E could actually be larger than what we calculated based on 95% CIs.
RESULTS
Social structure in the Kabini population
The association network based on the original Kabini dataset showed clearly demarcated communities (Figure 2) , with associations between females being highly nonrandom compared to Poisson expectation (G-test for goodness of fit, G = 1514.46, df = 23, P < 0.001) and based on permutation tests (Supplementary Table S3 ). The overall network modularity, which is a measure of the extent to which a network is partitioned, was high (0.936). We refer to the final communities, obtained through the Louvain method, as clans, in keeping with previous terminology used to refer to the most inclusive female social grouping of elephants in southern India. The largest clan in our study consisted of 32 females (83 individuals, including their offspring). We did not find female associations across clans during over 5 years, except on 7 occasions (Figure 2 ; 4 of these occasions were due to associations between a female with a newborn calf that could not keep pace with the group with other clan females).
Using the Louvain algorithm (and excluding the 30 single females that were rarely seen, see Figure 2 ), we found up to 3 hierarchical social levels within clans (Supplementary Information 5) . However, there was variability in clan structure, with 13 of the 39 clans formed showing 2 levels of social organization (first-level communities in these clans formed second-level communities in the second pass), one clan showing 3 levels of social organization, and the remaining clans showing a single social level. The clans that showed more than one social level were significantly larger (average = 14.4, SD = 7.57, N = 14) than those that had a single social level (average, SD, N of clan size: 3.9, 2.74, 25; Mann-Whitney U test: U = 20.0, Z adj = −4.598, P < 0.001, Supplementary Information 5).
Based on clans that were sighted over 150 times, we found that 95% of the clan members were sighted on average within the first 40 sightings of the clan (and 92% within the first 30 sightings). Since under-sampling could lead to incomplete clans, we additionally analyzed only clans sighted >40 times and found that they were also significantly larger when they were composed of more than one social level (average = 17.0, SD = 7.29, N = 10) compared to a single level (average = 7.2, SD = 3.66, N = 6; Mann-Whitney U test: U = 6.0, Z adj =−2.609, P = 0.009, Supplementary Information 5). Of the clans seen more than 40 times, 38% showed a single social level, 56% showed 2 levels, and a single clan showed 3 levels.
In keeping with clearly defined clans with few associations between them, the overall AI distribution was highly skewed (Figure 3) , with only 2.5% of the AI values being non-zero (average AI = 0.004, SD = 0.040, median = 0) and 10.8% being nonzero when only individuals that were seen at least 20 times were included ( Table 2 ). The average degree and average distanceweighted reach were low (Table 2) because of female associations being restricted to clans. The average clustering coefficient was high due to the large number of connections within clans, and density was low ( Table 2) .
Comparison of social structure across populations
Visually, the association network based on the original Kabini dataset was more connected than the social network in the Lopé African forest elephant population (Schuttler et al. 2014 , see Supplementary Figure S6 ). The original Kabini network was visually less connected than that of the Amboseli population when there was no AI cutoff, but similar to Amboseli at AI cutoffs of 5% and 10% (Figure 4) . The original Kabini network did not change substantially when an AI cutoff of 0.05 was used, unlike networks from all the other datasets available (Figure 4) . The Kabini 500-m network changed dramatically at an AI cutoff of 0.05 like the Samburu network.
The Kabini 500-m social network was intermediate in connectedness between the Samburu and Uda Walawe networks (Figure 4) , with the average degree, average distance-weighted reach, and average clustering coefficient in the Kabini 500-m network being significantly smaller than those in Samburu (Welch's 2-sample tests: average degree: U = 5.772, df = 208.3, P < 0.001, average distanceweighted reach: U = 6.216, df = 207.9, P < 0.001, average clustering coefficient: U = 10.636, df = 195.3, P < 0.001), but significantly larger than those in Uda Walawe (average degree: U = 23.862, df = 179.3, P < 0.001, average distance-weighted reach: U = 25.687, df = 211.7, P < 0.001, average clustering coefficient: U = 13.068, df = 140.2, P < 0.001; Table 2 ). The average path length in the Kabini 500-m network was also intermediate, being larger than that in Samburu (Welch's 2-sample test: U = 16.573, df = 11 452.6, P < 0.001) and smaller than that in Uda Walawe (U = 64.999, df = 9038.0, P < 0.001). Therefore, the addition of the Kabini 500-m population seemed to bridge some of the previously found differences between Asian and African savannah elephant social networks. However, network structure curves of the Kabini 500-m and the Uda Walawe datasets were roughly similar in shape and differed from that of the Samburu population ( Figure 5 , see de Silva and Wittemyer 2012, Supplementary Figure S7 ).
The AI distribution based on the Kabini 500-m dataset (Figure 3 ) also bore a greater visual similarity to that of Uda Walawe than to that of Samburu, as high AI values were absent (de Silva and Wittemyer 2012, Supplementary Figure S8 ) and this similarity in AI distribution could have given rise to the similarity in network structure curves. The average AI was, however, significantly smaller in Uda Walawe (0.019) compared to that in Kabini 500-m dataset (0.034; Welch's 2-sample test: U = 11.195, df = 11 295.3, P < 0.001), which was in turn significantly smaller than that in Samburu (0.049; Welch's 2-sample test: U = 8.209, df = 9544.9, P < 0.001). The kurtosis of the Kabini 500-m dataset was higher than those of both Samburu and Uda Walawe ( Table 2 ).
The cumulative bifurcation curve constructed based on clusteranalysis of females (based on association strength) was concave-up in the Kabini 500-m dataset (Supplementary Figure S9) , similar to the pattern seen in Uda Walawe, and unlike that seen in Samburu, in which the curve was convex (de Silva and Wittemyer 2012, Supplementary Figure S10) .
Louvain community detection on the Kabini 500-m dataset, and Uda Walawe and Samburu datasets showed up to 2 social levels in the Kabini 500-m and Uda Walawe datasets, and up to 3 levels in the Samburu dataset (although sometimes, Uda Walawe showed up to 3 levels and Samburu, up to 2, see Supplementary Information 11). In the Kabini 500-m, Uda Walawe, and Samburu, datasets, respectively, 20, 16, and 24 communities were detected after the first pass of the algorithm, and 7, 9, and 9 communities after the second pass. In the Kabini 500-m dataset, 5 of the 7 final communities changed in composition from the first to the second pass of the algorithm (meaning that these communities had 2 levels of organization), while the other 2 remained compositionally the same (meaning that they had a single social level). The numbers of communities that changed in composition from the first to the second pass were 4 out of 9 in Uda Walawe, and 7 out of 9 in Samburu. Eight communities were detected after the third pass in Samburu (meaning that one community had 3 levels, changing in composition from the second to the third pass).
As in the original Kabini dataset, communities with 2 social levels were larger than those with a single level, although this was not statistically significant in the Uda Walawe dataset (Mann-Whitney U tests: Kabini 500-m: U = 25.5, Z adj = −2.480, P = 0.013; Uda Walawe: U = 39.5, Z adj = −1.856, P = 0.063; Samburu: U = 15.0, Z adj = −3.808, P < 0.001). Interestingly, community sizes at a particular community detection pass were not different across populations (average ± SD after the first pass: Kabini 500-m: 5.45 ± 3.05, Uda Walawe: 6.56 ± 4.87, Samburu: 4.58 ± 2.34, Kruskal-Wallis test: H 2,69 = 0.380, P = 0.827; average ± SD after the second pass: Kabini 500-m: 15.57 ± 9.74, Uda Walawe: 11.67 ± 7.47, Samburu: 12.22 ± 7.60, Kruskal-Wallis test: H 2,25 = 0.594, P = 0.743; Figure 6A ; Mann-Whitney U tests, Kruskal-Wallis test, and test for homogeneity of slopes below carried out using Statistica 8, StatSoft, Inc. 2007 ).
There was a correlation between community sizes after the second pass and the number of first-level communities within those second pass communities ( Figure 6B) , and a test for homogeneity of slopes showed no difference in slopes across the 3 populations Observed group sizes and the effect of group size on AI and network statistics
The average group size in the Kabini population was small, with 2.38 females per group (Table 2, median = 2) and the group size distribution was skewed to the right ( Figure 3C ). We found Lopé to have a significantly smaller average group size than that in Kabini, the Kabini 500-m dataset and Uda Walawe to have similar group sizes, and Samburu to have a significantly larger group size than the Kabini 500-m and Uda Walawe datasets (Welch's 2-sample tests, Table 2 ). The 3 different beta distributions of group sizes yielded somewhat similar expected values of average AI and network statistics under random association (Figure 7 ). Under all 3 beta distributions of group sizes, the average expected AI increased linearly with increasing average group size, the average degree and average clustering coefficient increased and plateaued with increasing average group size, and average path length decreased with increasing average group size (Figure 7) .
The higher average AI in Samburu compared to the Kabini 500-m dataset could be explained as an effect of group size, with the average AIs being similar when average group sizes were taken into account. The observed average AI in both Samburu and Kabini 500-m datasets were larger than the expected average AI for the corresponding average group sizes to the same extent ([E-O]/E = −0.667, interval: −0.578 to −0.756 for Kabini 500-m, [E-O]/E = −0.626, interval: −0.522 to −0.730 for Samburu). The smaller average degree in the Kabini 500-m dataset compared to Samburu could also be explained as an effect of group size differences in the 2 populations, as the observed average degrees in both these datasets were smaller than the expected average degrees for the corresponding average group sizes to the same extent ([E-O]/E = 0.111, interval: 0.154-0.067 for Kabini 500-m, [E-O]/E = 0.092, interval: 0.122-0.061 for Samburu). The higher average path length in the Kabini 500-m network than in Samburu (Table 2) could also be explained by differences in average group size (Figure 7 , Supplementary Table S12).
We had previously found the clustering coefficient in the Kabini 500-m network to be significantly smaller than that in Samburu (see above). The former was 5.5% smaller than expected for a random network of the same average group size; however, the latter was 11% smaller than expected for its average group size. Therefore, corrected for group size, the Kabini 500-m dataset would have a significantly higher clustering Schuttler et al. (2014) . Statistics such as the degree and density might be underestimates in Lopé because the number of times individuals were sighted was very small (network statistics based on individuals sighted at least twice) and there was a significant correlation between the number of sightings and the number of associates (Schuttler et al. 2014) . The small average group size is, however, in keeping with that found in forest elephants in Dzanga Bai (average female group size including dependants: 2.7, SD = 1.3) in a long-term study (Turkalo et al. 2013) . The average group size for Kabini ≥20 sightings is the average of group sizes of only those sightings in which all the females were seen at least 20 times (this is shown for the sake of completeness). Significant differences in metrics based on the Welch's 2-sample test are shown using superscripted alphabets (a<b<c), with α set to 0.0017 based on a flat Bonferroni correction for 29 tests.
coefficient than the Samburu population, although this difference was small (Supplementary Table S12 ). Whereas differences between Samburu and Kabini 500-m datasets could largely be explained by differences in average group size, the higher average AI and higher average degree in the Kabini 
DISCUSSION
Social structure in the Kabini population
Based on the first quantitative data on social structure of female Asian elephants from India, we found highly nonrandom associations between females, with the association network being clearly demarcated into communities that we call clans. Given that there were only 7 associations between clans over 5 years, this suggests that the clan is the most inclusive level of meaningful social structure in the Kabini population. Although we found up to 3 hierarchical social levels within clans, there was variability in clan structure with several clans showing a single social level. It is not clear whether the single social level in these clans arose from recent permanent fission, demographic factors, or from clans not being fully identified. While the last is possible, it is not likely as we used a 40-sighting cutoff for clans. It would be interesting to examine the attributes, other than clan size, of clans showing different hierarchical levels in order to understand the differences in clan structure.
Comparison of social structure across populations and the role of group size Asian and African savannah elephants were initially thought to share largely similar social organizations (Eltringham 1982; Sukumar 1989 ). Subsequently, they were found to differ in their social structure (de Silva and Wittemyer 2012), with larger groups and stronger associations within and across groups in the African savannah elephant. We found the Kabini population (500-m dataset) to show intermediate average degree, average distanceweighted reach, clustering coefficient, and path length, compared to Samburu and Uda Walawe. Based on the network structure curve, cumulative bifurcation curve, and AI distribution, the Asian elephant populations were more similar to each other than they were to the Samburu African savannah elephant population.
Although there is a continuum of societies showing fission-fusion dynamics (Aureli et al. 2008) , if these populations had to be compared to the modal fission-fusion societies based on these analyses (see Grüter and Zinner 2004) , the social structure of the African savannah elephant would correspond to the flexible nested society (Grüter and Zinner 2004;  with the lower social level stable and the higher level flexible) or lie between the strict nested and flexible nested multilevel societies (also see de Silva and Wittemyer 2012), whereas that of the Asian elephant would correspond to the individual-based fission-fusion society (with the lower level flexible and the higher level stable) or lie between the individual-based and flexible nested fission-fusion society. Nestedness does not seem to be complete in the African savannah elephant since partial or whole core groups may associate together to form a larger unit, and single females, although rare , have a choice of associating or not with their family group members Archie and Chiyo 2012) . African forest elephant social organization has been previously compared to the individual-based fission-fusion society of chimpanzees (Schuttler et al. 2014) . Despite the above differences between the Samburu African savannah elephant and Asian elephant populations, we found similar Louvain hierarchical structuring and community sizes within social networks in all the 3 populations, suggesting basic similarities in social structure across elephant species. We suggest that the differences in observed social structure between the Asian and Samburu populations despite similarity in underlying social structure arises from differences in average group size. Since the average size of first-level Louvain communities is similar to the average group size in Samburu, individuals of a first-level community can potentially be part of the same group (Figure 8 ), resulting in high AI values, and easily detectable nestedness. This results in lowerlevel social units such as the family group being stable units (see Wittemyer et al. 2005) . On the other hand, the average sizes of first-level communities are about twice the average group sizes in Uda Walawe and Kabini (Kabini 500-m dataset). When group sizes are restricted, only subsets of the first-level community can associate together (Figure 8 ), resulting in lower AIs, unstable lower-level social units, and a less nested appearance. Since the cumulative bifurcation curve combines data from across the clustering dendrogram, variation across social units in AIs and unequal tiers across social units do not allow for hierarchical structure to be detected (also see de Silva and Wittemyer 2012) , which the Louvain algorithm can recover. Differences in social structure because of a possible constraint in group size would suggest that the individual-based or flexible nested multilevel social structure observed in the Asian elephant is a derived condition due to restricted group size (see "Route A" of Aureli et al. 2008 ), compared to that observed in the African savannah elephant. It is interesting that the average firstand second-pass community sizes were not different across elephant populations, indicating that there might be something fundamental about these sizes. It is possible that demographic processes (e.g., Blumstein 2013) or cognitive factors (e.g., Dunbar 1992) influence these community sizes.
Our analyses of the effect of average group size on AI and social network statistics also show how average group sizes can affect social structure. We find that differences in AI and social network statistics between the Kabini (500-m dataset) and Samburu populations likely arose from differences in average group sizes. While we used 1.96 SE as the 95% confidence intervals for comparisons of the observed and expected values in this analysis, it is likely that the errors and, therefore, the overlaps in statistics between populations would actually be larger. Therefore, the tests are conservative, and it is plausible that group size differences account for more of the social structure differences than we find. African forest elephants have a smaller average group size and a more disconnected social network than the Kabini population (Schuttler et al. 2014) . It would be interesting to examine whether African forest elephants also show underlying similarities in social structure. Uda Walawe, Obs. Samburu, Obs. α = 1, β = 9.5 (Kabini 500-m) α = 1, β = 7 (Uda Walawe) α = 2, β = 9 (Samburu) Kabini 500-m, Obs. Uda Walawe, Obs. Samburu, Obs. α = 1, β = 9.5 (Kabini 500-m) α = 1, β = 7 (Uda Walawe) α = 2, β = 9 (Samburu) Kabini 500-m, Obs. Uda Walawe, Obs. Samburu, Obs. α = 1, β = 9.5 (Kabini 500-m) α = 1, β = 7 (Uda Walawe) α = 2, β = 9 (Samburu) Kabini 500-m, Obs. Uda Walawe, Obs. Samburu, Obs. 5 6 7
Figure 7
Observed average AI and network statistics from the Kabini 500-m, Uda Walawe, and Samburu datasets, and expected values of these statistics at different average group sizes, based on random datasets with different beta distributions (α = 1, β = 9.5; α = 1, β = 7; α = 2, β = 9, see Methods for details) of group sizes. (A) average AI, (B) average path length, (C) average degree, and (D) average clustering coefficient. All the error bars are 1.96 SE.
The difference in group sizes between the Samburu population and the 2 Asian elephant populations probably relate to differences in ecology, and more specifically to food resource distribution. It has been shown in primates that group size is correlated with resource patch size, density, and distribution (Chapman 1990; Stevenson 1998) . Asian elephants typically inhabit moister, more forested habitat than African savannah elephants, and possibly face more challenges obtaining food. African forest elephants, which inhabit wetter and denser habitats, with ephemeral and patchily distributed resources (Blake 2002) , than the Asian elephant on average, show even smaller group sizes (Turkalo et al. 2013; Schuttler et al. 2014, see Table 2 ). Turkalo and Fay (1995) suggested that, apart from the patchy distribution of food, low predation by humans might explain the small group sizes of African forest elephants compared to African savannah elephants that have faced high poaching pressure. However, despite differences in predation between Sri Lanka (historic human depredation, no current animal predator) and southern India (tigers can prey on calves), there was no difference in the average group sizes in Kabini (Kabini 500-m dataset) and Uda Walawe.
The notion that group size and social structure are interlinked has been obvious (see Terborgh and Janson 1986) . Grouping patterns modulate interaction opportunities, thus resulting in the social structure seen (van Schaik and van Hooff 1983; Terborgh and Janson 1986; Aureli et al. 2008; Chapman and Rothman 2009; Grüter and van Schaik 2010) . However, we show, for the first time, how social structures uncovered by AI and network statistics in fission-fusion societies may differ primarily because of group size differences. Thus group size differences may mask underlying similarities in the social structures of related species showing fission-fusion dynamics, which can be uncovered by hierarchical community detection.
Implications for Asian elephant social structure
We had also wanted to find out whether female Asian elephant social organization differed between Sri Lanka and southern India since the species has been subjected to varying extents of prolonged, historic manipulation by humans across its range. As expected, the number of associates and network cohesiveness was greater in the Kabini 500-m dataset compared to Uda Walawe, although average group sizes were not different between the 2 populations ( Table 2) . It is possible that the lower levels of cohesiveness in the Uda Walawe population arose from extensive historical disturbance in Sri Lanka, with thousands of elephants having been hunted and captured during the 1800s and early 1900s (see McKay 1973; Lorimer and Whatmore 2009) , and the elephant population being decimated to only about 1500 individuals by the mid-1900s (see McKay 1973) . By one estimate, at least 17 000 elephants were hunted, exported, or died in captivity during the 19 th century, changing the behavior and demographics of elephants on the island (see Lorimer and Whatmore 2009 ). Hunting and capture of elephants in southern India appears to have occurred on a much smaller scale, with no decline in population size (Sanderson 1879, pp. 68-69) . Moreover, the kheddah method used for capturing female elephants in southern India (including in part of our study area, Nagarahole National Park) was intended to capture entire groups rather than isolated individuals (Sanderson 1879, pp. 70-73) . Therefore, female social organization in southern India is unlikely to have been as impacted as that in Sri Lanka.
Although unrelated females from decimated surviving groups are known to associate together in elephant populations subject to anthropogenic mortality (Nyakaana et al. 2001; Charif et al. 2005; Vidya et al. 2007; Wittemyer et al. 2009 ), breakdown of social structure itself may or may not change group size. Smaller family groups were found in highly poached African savannah elephant populations (see Nyakaana et al. 2001; Gobush et al. 2009 ), and heavy poaching was also thought to have reduced associations and affected social network structure in Lopé, Central Africa (Schuttler et al. 2014) . Decimation of the population may increase group size where the habitat allows it, but if there is a resource-based constraint on group size (see Nandini et al., in press ), network cohesiveness is likely to decrease (because of associates being killed) while the group size may not change. We think that this might be the likely scenario in Uda Walawe. Recent anthropogenic disturbance appears to be similar in Kabini and Uda Walawe, with dams built in the late 1960s-early 1970s submerging forest land and creating reservoirs that elephants now use. We do not know of any nonElephantid species showing high fission-fusion dynamics in which the effect of hunting on group size and social cohesiveness has been studied. Poaching has led to smaller group sizes in the kob antelope in western Africa (Fischer and Linsenmair 2006) . Killer whale social networks are expected (based on simulations) to become less cohesive under targeted removal of individuals (Williams and Lusseau 2006) . As mentioned in the Methods, associations in the Uda Walawe population had been defined using a 500-m cutoff (de Silva et al. 2011; de Silva and Wittemyer 2012) , which is why we used the Kabini 500-m dataset as an appropriate comparison. If such a cutoff were not used, as in our original network, the Uda Walawe network would also presumably be even less cohesive and consist of small communities of females. This might explain the observations of Fernando and Lande (2000) , who had used a 100-m cutoff to identify groups in southeastern Sri Lanka, and suggested that female social organization was limited to the family level, based on family sizes of 10-20 individuals in African savannah elephants mentioned by Wilson (1975) .
We suggest that the most inclusive level of female social structure, which is also the most stable level, in Asian elephants be called clans. The numbers of females in the most inclusive level in the Kabini population were similar to those in Samburu (Table 1) . We also found structuring within some clans, although this is not easy to discern because of groups being small. A common property of clans in the Asian elephant seems to be the lack of association with other clans, despite proximity ("herds" The smaller the group size, the longer is the study period required to observe sufficient associations between individuals in order to interpret social structure in a species showing fission-fusion dynamics. However, there were some small clans in Kabini too, arising from deaths of females and/or a series of male offspring, who do not contribute to clan size. Although most of the single females in Figure 2 are from clans whose ranges are probably at the periphery of our study area, such that we have not yet sighted other females from those clans, there were a few clans that were sighted many times but continued to show a small number of females. The most notable of them included only 2 females and their dependant offspring, despite being sighted over 300 times. Although a clan of two might as well be called a family group, we prefer to retain the term clan for the most inclusive grouping because, in clans that show structuring, the clan and not subgroups within the clan (which could be analogous to family groups) seems to be the most stable unit. Daniel et al. (1987) and Baskaran et al. (1995) had referred to females that showed coordinated movement as clans, but had not provided any further details or examined clan structure. Although we find an underlying clan structure, it is not really analogous to the clan in the hierarchical multitiered organization suggested by Sukumar (1989 Sukumar ( , 2003 , which seems to have been based on sharing a common area, as suggested initially by Moss and Poole (1983) . We find that different clans use the same general area but do not interact positively. Future studies on other Asian elephant populations will be valuable in understanding the relative roles of ecological constraints on group size and anthropogenic disturbance in shaping Asian elephant societies.
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